ABSTRACT Nearby, active stars with relatively rapid rotation and large starspot structures offer the opportunity to compare interferometric, spectroscopic, and photometric imaging techniques. In this paper, we image a spotted star with three different methods for the first time. The giant primary star of the RS Canum Venaticorum binary σ Geminorum (σ Gem) was imaged for two epochs of interferometric, high-resolution spectroscopic, and photometric observations. The light curves from the reconstructions show good agreement with the observed light curves, supported by the longitudinally-consistent spot features on the different maps. However, there is strong disagreement in the spot latitudes across the methods.
INTRODUCTION
The magnetic fields of cool stars can be strong enough to suppress convection in the outer layers. These regions of stifled convection-starspots-are dark against the bright photosphere (Berdyugina 2005; Strassmeier 2009 , and references therein). A particular class of active stars known to exhibit large starspots are RS Canum Venaticorum (RS CVn) variables. These are customarily binary systems with an evolved giant or subgiant primary component that is often tidally-locked in a close orbit (typical orbital periods are on the order of 1 − 3 weeks) with a less-evolved, usually main-sequence companion. RS CVn primary stars are known to be active through rotational modulations in photometric and Ca H & K observations (Hall 1976) . Because of their activity RS CVn primary stars are often targets of imaging studies to map the stellar magnetic fields (e.g., Rosén et al. 2015) and the surface features (e.g., Kővári et al. 2015) . Spotted stellar surface maps have made use of interferometric, spectroscopic, and/or photometric data sets.
Interferometric aperture synthesis imaging is a direct imaging method that offers an independent estimate of stellar parameters and does not require a priori knowledge of the stellar surface features. This method allows for the stellar surface to be mapped as it appears on the sky, revealing, for example, stellar inclination and position angle (e.g., Monnier et al. 2007 ). The method has rachael@astro.su.se previously been used to image rapidly-rotating stars, expanding ejecta from novae, and starspots (Monnier et al. 2007; Schaefer et al. 2014; Roettenbacher et al. 2016 ). Interferometry combines light from two or more telescopes to obtain resolutions not accessible by individual telescopes, which are limited by mirror size. An interferometric array of telescopes mimics a single telescope with a mirror diameter equal to the longest baseline (distance between two telescopes). The angular resolution of an interferometric array is limited only by the length of the longest interferometric baseline in the array of telescopes. Uniquely, interferometry is the only technique able to distinguish temperatures across the stellar surface in latitude and longitude, which has been used to map stellar surfaces in order to measure gravity darkening on, for example, rapidly-rotating stars (e.g., Zhao et al. 2009; Che et al. 2011) .
High-resolution, high signal-to-noise spectroscopic data of a star at different rotational phases can be used to create maps of stellar surfaces through Doppler imaging (e.g., Vogt et al. 1987; Rice et al. 1989; Piskunov 1991 ). This technique is used for detailed mappings of the stellar surface structures: temperature spots, chemical inhomogeneities, and surface magnetic fields (with spectropolarimetric observations). In order to produce the most accurate surface reconstructions, Doppler imaging requires detailed estimates of stellar parameters to model the stellar absorption lines. As the star rotates, the effects of the starspots are observed as rotationally-modulated distortions in the absorption line profiles. These distortions are produced by the inhomogeneities of the stellar surface.
By tracking the changes in the absorption lines as the star rotates, the surface of the star can be reconstructed, revealing information about spot longitude and latitude. However, Doppler imaging cannot always reliably reconstruct the hemisphere of the spot, particularly in the hemisphere of the hidden pole. In Doppler imaging, the star's mean temperature profile as a function of latitude does not generate a time-variable signature, which means that the profile is sensitive to the assumptions made in absorption line profile modeling. In particular, there is a degeneracy between the microturbulence and mean temperature.
Photometric light-curve inversion algorithms use one or more light curves to reconstruct the rotationallymodulated features of a stellar surface (e.g., Harmon & Crews 2000; Savanov & Strassmeier 2008) . These techniques allow for accurate determinations of the longitude of surface features and can be applied to a wide variety of rotating stars. To reduce degeneracies, light-curve inversion requires knowledge of some stellar parameters (e.g., spot and photosphere temperatures and stellar inclination). A major drawback of light-curve inversion is its limitation in latitude determination, which can only be partially rectified by multi-bandpass observations. Lightcurve inversion is also unable to make distinctions of surface temperature.
In this paper, we compare these three imaging methods on two epochs of contemporaneous data of an RS CVn binary system that is particularly well-suited for imaging: the close, tidally-locked, giant primary of σ Geminorum (σ Gem, HD 62044). σ Gem is a spotted RS CVn binary (e.g., Henry et al. 1995) with known orbital and stellar parameters (Roettenbacher et al. 2015) . The system consists of a resolved, inflated primary star (limb-darkened diameter θ LD = 2.417 ± 0.007, M 1 = 1.28 ± 0.07 M , R 1 = 10.1 ± 0.4 R ) and an unresolved, main-sequence companion (M 2 = 0.73 ± 0.03 M ) in a circular orbit with semi-major axis a = 4.63 ± 0.04 mas, inclination i = 107.7 ± 0.8
• , orbital period P orb = 19.6027 ± 0.0005 days, and distance d = 38.8 ± 0.6 pc (Roettenbacher et al. 2015) . σ Gem has been a target of Doppler imaging (Hatzes 1993; Kővári et al. 2001 Kővári et al. , 2015 and longterm ground-based photometric monitoring for studies of spot activity (Henry et al. 1995; Berdyugina & Tuominen 1998; Kajatkari et al. 2014) .
Here, the three imaging techniques-interferometric aperture synthesis, Doppler, and light-curve inversion imaging-are compared for two observational epochs σ Gem. In one epoch of observation (2011), σ Gem has a simple starspot structure with two close, strong starspots, and in the other epoch (2012), σ Gem has a more complex, global starspot network. By comparing the imaging techniques in these two different cases, we highlight the advantages and disadvantages of each method. We discuss our observational data sets in Section 2. In Section 3, we briefly describe the imaging algorithms used and show their resultant images. In Section 4, we discuss the images through comparison. In Section 5, we report our conclusions on the starspots of σ Gem and our comparative imaging.
OBSERVATIONS
Simultaneous data sets of σ Gem were obtained for the first time at a variety of facilities during two epochs for comparative imaging of the spotted star. In order to obtain the most complete phase coverage possible, these observations span more than one rotation in some cases. While the features on the surface of σ Gem change over time, the starspots do not evolve rapidly enough for phase-folding over a small number of rotation periods to show significant evolution of stellar activity. Hussain (2002) , for example, showed that starspots on evolved stars like σ Gem evolve more slowly than those of young stars.
Interferometry
Interferometric data of σ Gem were obtained with Georgia State University's Center for High Angular Resolution Astronomy (CHARA) Array at Mount Wilson Observatory, USA. The CHARA Array consists of six 1-m class telescopes arranged in a non-redundant Y-shaped array with baselines ranging from 34 to 331 m (ten Brummelaar et al. 2005) . Using the Michigan InfraRed Combiner (MIRC; Monnier et al. 2004 ) with all six CHARA telescopes, we observed σ Gem in the H-band (eight channels across 1.5 − 1.8 µm for λ/∆λ ∼ 40). Our observations occurred on UT 2011 November 9 and December 7, 8, 9; 2012 November 7, 8, 21, 22, 24, 25 and December 4, 5, 7, 8 (see Table 1 for the telescopes used and the numbers of squared visibilities and closure phase data points for each night).
We reduced and calibrated these data with the standard MIRC pipeline (Monnier et al. 2012) . At least one calibration star was used each night (see Table 2 ). The data products resultant from the MIRC pipeline are observables including visibility, closure phases, and triple amplitudes (see sample observations in Figures 9-12 , located in Appendix A). On five nights of observation (UT 2011 December 8; 2012 November 7, 8, 24 , and 25), we detected the companion star and combined these interferometric detections with radial velocity observations to determine the orbital and stellar parameters (Roettenbacher et al. 2015) .
Spectroscopy
Optical high-resolution spectra of σ Gem were obtained at fifteen epochs between 2011 October 24 and November 9 using the fiber-fed STELLA Echelle Spectrograph (SES) at the robotic 1.2-m STELLA-II telescope at Izana Observatory, Tenerife, Spain (Strassmeier et al. 2004 ). SES covers wavelengths from 388 nm to 882 nm in a single exposure with spectral resolution (λ/∆λ) of 55,000 using two pixel sampling. For all spectra the exposure time was set to 900 seconds resulting in signalto-noise ratio (S/N) per resolution element between 107 and 201 at 642.5 nm. The observing scheme also included nightly flat-fields, bias frames, and Thorium-Argon wavelength calibration exposures. The data were reduced using a dedicated SES pipeline (Weber et al. 2008) . A detailed observing log with the observing dates, stellar rotational phases, calculated orbital velocity, and S/N per resolution element is given in Table 3 .
σ Gem was also observed on seven epochs between 2011 November 5 and November 28, and on eight epochs between 2012 November 8 and December 14 using the UV-Visual Echelle Spectrograph (UVES; Dekker et al. 2000 ) mounted on the 8-m Kueyen telescope of the Very Bonneau et al. (2006 2012 November 7, 21, 22, 24, 25, December 4, 5, 7, 8 Large Telescope (VLT; Paranal Observatory, Chile). For these observations the red arm of the spectrograph was used with the imageslicer #3 in the standard wavelength setting of 580 nm. This instrument setup gives a spectral resolution of 110,000 with two pixel sampling, and a wavelength coverage of 500-700 nm. The exposure time of each observation was 12 seconds yielding S/N per resolution element between 348 and 611 (at 642.5 nm). The standard UVES calibration plan together with the UVES pipeline were used for the data reduction. A summary of the UVES observations is also given in Table 3 . Table 4 of Roettenbacher et al. (2015) . Here, we use the photometry spanning 2011 October 5−2012 January 31 and 2012 October 10−November 30.
Due to insufficient phase coverage, we require more than one rotation period for the light curve. The spot structures are assumed to remain stable over the length of the light curve. These excerpt light curves are plotted in Figures 1 and 2 , phase-folded over the rotational period, P rot = 19.6027 days.
In the 2012 data set, at phase φ = 0.010 there is an outlier in both the B and V bands. This data point was obtained on 2012 October 10, but we do not have any overlapping interferometric or spectroscopic data to investigate if this data point was part of a flare. We do not exclude the point. The light grey curve in the background is the ELC-derived model for the σ Gem light curve with no starspots that assumes a gravity darkening coefficient of β = 0.02, which was the best-fit coefficient determined in Roettenbacher et al. (2015) .
IMAGING METHODS
Many studies have been published of spotted stars imaged with light curve inversion or Doppler imaging techniques individually (e.g., Savanov & Strassmeier 2008; Kővári et al. 2015) , or comparing contemporaneous data sets (e.g., Roettenbacher et al. 2011) . To date, two works have shown interferometrically imaged spotted stellar surfaces (Roettenbacher et al. 2016; Parks et al. submitted) . No study has compared the simultaneous images of interferometric, spectroscopic, and photometric data sets on spotted stars. We present the first such comparison here.
Aperture Synthesis
Aperture synthesis imaging is used on interferometric data with sufficient uv coverage (the projection of the baselines onto the plane of the sky). Here, we use the imaging algorithm SURFace imagING (SURF-ING), which was created for the purpose of imaging interferometric data directly onto the surface of a rotating spheroid (Monnier in preparation; Roettenbacher et al. 2016) . SURFING treats the entire interferometric dataset as an ensemble of measurements in order to create a surface map. Ideally, each pixel on the surface is the result of several overlapping observations. SURFING allows for the elimination of degeneracies experienced by other imaging methods, providing independent measurements of some stellar parameters. In a process similar to that used in Roettenbacher et al. (2016) but accounting for the binary component, we ran SURFING using the input parameters found in Table 4 . During image reconstruction, we used a prior for the pixel values of a downward exponential with a maximum pixel value of 100% and a decrease in surface brightness by a factor of 1/e for every 10% in lower surface brightness (see Figure  13 in Appendix B).
σ Gem is a partially Roche-potential-filling star with a ratio of equatorial to polar radius observed to be 1.02 ± 0.03 (Roettenbacher et al. 2015) and modeled with the light curve modeling code Eclipsing Light Curve (ELC; Orosz & Hauschildt 2000) to be 1.03. Using the observed value in SURFING, we estimate the shape of σ Gem as a prolate spheroid. We use 768 tiles of equal surface area covering σ Gem, equivalent to 0.024 mas 2 in spatial resolution. Each tile's value is a combination of all of the nights on which that region of the star was observed. The Kővári et al. (2015) f For V -band LI uses a square-root limb-darkening law and limb-darkening coefficients from van Hamme (1993). g For B-band LI uses a logarithmic limb-darkening law and limb-darkening coefficients from van Hamme (1993). results of our aperture synthesis imaging with SURFING are presented as temperature maps in Figures 3 and 4 and in H-band images in Figure 13 in Appendix B. All phases of σ Gem were observed at least once for these images. In 2011, each phase has contributions from 1-3 nights of data, while in 2012, each phase has observations on 3-7 nights. We used the ten nights of observation in 2012 to test the reliability of the SURFING code. The results and discussion are in Appendix B.
For the interferometric temperature maps in Figures 3  and 4 , we convert from H-band intensities to temperatures assuming a Kurucz model (Castelli & Kurucz 2004) and the average H = 1.67. With this, σ Gem is observed to have temperatures listed in Table 5 .
The 2011 interferometric image of σ Gem presents two strong starspot features near longitude 270
• . We see one spot above and one below the stellar equator. The 2012 image shows a more complex stellar surface with starspots peppering the surface. We point out the dark features near the southern (visible) pole and the series of spots near the stellar equator. We cannot determine if the spots present in 2011 have evolved into any of the features observed in 2012.
Doppler Imaging
We used the INVERS7PD inversion code developed by Piskunov et al. (1990) , and modified by Hackman et al. (2001) . The code uses Tikhonov regularization and compares observations to a grid of local line profiles calculated with the SLOC5 spectral synthesis code (Berdyugina 1991) and Kurucz model atmospheres (Kurucz 1993) . Atomic line parameters are obtained from VALD (Piskunov et al. 1995; Kupka et al. 1999) , while molecular line parameters are calculated as described by Berdyugina (1998) . The local line profiles were calculated for twenty limb angles, nine temperatures between 3500 K and 5500 K with a 250 K step, and wavelengths between 6408.5 -6441Å with a wavelength step of 0.01Å. We divide the surface into a grid of 40 bands of latitude, each split into 80 longitude sections. Before inversion, the local line profiles are convolved with a Gaussian instrumental profile and a radial-tangential macroturbulence velocity. For the separate photometric output we use the same code and models but with a sparser wavelength grid ranging from 3600Å to 7350Å and step size of 50Å. The stellar parameters are fixed to the values given in Table 4 .
In the inversions, iron and calcium lines in the wavelength region of 6410-6440Å are used (Fe I 6411Å, Fe I 6419Å, Fe I 6421Å, Fe I 6430Å, and Ca I 6439Å). These lines are traditionally used for Doppler imaging. The inversions are done using all the five lines simultaneously.
INVERS7PD does not account for the ellipsoidal shape of σ Gem, and we do not remove the signature from the spectra, as the ellipsoidal variation signature is not significant enough to change the Doppler imaging results.
For the 2011 inversions the STELLA data were used simultaneously with the UVES data. The UVES data do not have good enough phase coverage to be used alone, but they have better S/N and higher resolution than the STELLA data, and therefore they improve the stability of the resultant map. Before inversion, the UVES data were rebinned to the same resolution as the STELLA data.
The UVES data for 2012 were obtained over almost two stellar rotations. Most of the data, seven phases, are obtained within one rotation. There is only one data point that has been obtained one rotation later. For testing whether spot evolution occurred within the extra rotation, inversions were carried out both with and without the spectrum obtained one rotation apart. No significant difference could be seen in the resultant map, nor in how well the model fit the observations. Therefore, all eight spectra obtained in 2012 were used in the Doppler images presented in Figures 3 and 4 .
The 2011 Doppler image shows a significant starspot region around the southern (visible) pole. The feature is neither polar nor symmetric about the pole. The equator is the brightest region of the star. Another starspot is located in the northern hemisphere around longitude 0
• . The 2012 surface again shows the strong starspot near the southern pole with the brightest stellar material found around the equator. Temperature contours indicate cooler regions in the northern hemisphere. The temperatures of this surface are included in Table 5 . (2000) and Roettenbacher et al. (2011) .
LI used a spherical surface for σ Gem, and we accounted for the deviation from a spherical star by removing the effect of ellipsoidal variations in the light curves. To do so, we removed the Roettenbacher et al. (2015) ellipsoidal variation model light curve (generated with ELC; Orosz & Hauschildt 2000) with the best-fit gravity darkening parameter (β = 0.02; see Figures 1 and 2 ). These adjusted light curves are the input for LI.
The stellar parameters of σ Gem assumed for LI are in Table 4 . The output of LI is relative intensities, which we linearly map from intensities to temperatures ranging from 3800 K to 4350 K, the assumed spot and photospheric temperatures, respectively. The results are shown in Figures 3 and 4 with the temperatures included in Table 5 .
The 2011 LI image shows a simple stellar surface with two spots near longitude 270
• and at approximately the same latitude. The 2012 LI image shows more structure with four equatorial starspots. Using LI with only two light curves, as we did here will limit the latitude information available in the inversions. Simulations have shown that using light curves from four bandpasses will improve spot latitude information but will not constrain the values as well as the other imaging methods discussed above (Harmon & Crews 2000) .
COMPARISON OF IMAGING RESULTS
In order to do a direct comparison of the stellar surface as observed with the three different imaging techniques, we present σ Gem as it appeared on the dates of the interferometric observations (see Figures 5 and 6 ). We show Note. -a V = 4.14 (Henry et al. 1995) ; V = 4.29 (Ducati 2002 ).
all four nights of observation in the 2011 observing season and four of the ten nights observed in 2012. We draw attention here to specific surface features and their presence or absence using the different imaging techniques. The temperature maps of Figures 5 and 6 were plotted on the ellipsoidal surface of σ Gem. The temperatures were then combined with Kurucz models (Castelli & Kurucz 2004) to determine flux in the V bandpass and to create the light curves. To obtain the light curves presented in Figures 7 and 8 , we removed the ellipsoidal variations, as we did with the observed light curves.
In both data sets, we note that the images from the different reconstructions are not completely consistent. However, the reconstructed light curves match well with the observed light curves. We note the amplitude of the Doppler imaging light curve is smaller than that observed, while the interferometric imaging light curve amplitude is larger. The reconstructed light curves indicate that the methods are reliable in their determinations of the longitudes of the spots. The biggest differences between the models comes from the latitude of the starspots, a value for which limited information is available to Doppler imaging and even less to light curve inversion imaging. Table 5 gives the minimum, maximum, and mean temperatures of each temperature map. Interferometric imaging is capable of resolving the surface temperature profile as a function of latitude, so temperature can be measured at each latitude and longitude of the surface. This is not the case in Doppler imaging where the mean temperature profile is not variable in latitude. The temperature is dependent upon the absorption line profile modeling, which is dominated by the hottest regions of the star and skews the stellar temperature to higher values. Light-curve inversion provides even less information for the stellar temperature; the temperatures for our LI results were prescribed as input based on the stellar temperature used in Roettenbacher et al. (2015, which is an average value based on spectroscopically-derived temperatures found in the literature) and the spot temperature assigned by Kővári et al. (2015, determined with Doppler imaging).
2011 Images
During the 2011 observations, σ Gem exhibited a single strong feature in the light curve (see Figure 7) . This feature was imaged as two spots which are closely located in longitude (around 270
• ) in the interferometric and photometric images (see, in particular, the fourth column of Figure 5 ). It is clear here that the light-curve inversion method is very limited in its ability to determine the latitudes of the spots when using only two bandpasses. The Doppler image exhibits the two spots at similar longitudes to those seen in the other results, but they appear at more extreme latitudes than in the interferometric image; this could be attributed to the difficulty of imaging spots in the less visible hemisphere for Doppler imaging.
Also in the Doppler image, the southern (visible) pole of σ Gem is seen to have a high-latitude, nearlycircumpolar spot centered around a longitude of 180
• (see the first column, middle row of Figure 5 ). This feature is not observed in the interferometric or light curve images. While the interferometric observations are more sparse on this side of the star with these phases only observed once, the light curve gives no indication of spot features on this side of the star. The spot is of highlatitude such that most of it would always be visible, and thus would be undetected by light-curve inversion.
2012 Images
The observed, somewhat featureless light curve shows evidence of a stellar surface covered in several dark and bright spots that nearly "cancel" each other out as the star rotates (see Figure 6 ). The latitudes of the spots pictured here show significant discrepancies, while the longitudes tend to agree.
The interferometric and Doppler images show southern (visible) hemisphere features and reveal evidence of the high-latitude spot below −30
• . However, the equatorial spot structures evident in the interferometric image are fainter in the Doppler image. There is evidence of dark and bright regions along the Doppler image's equator, but they are not as cool as the other spots present.
The photometry reproduces four of the equatorial starspots seen on the interferometric surface. The discrepancy between the number of equatorial starspots of the interferometric aperture synthesis image and that of the light-curve inversion is likely due to the latter method not resolving all of the spots. In the light-curve inversion image, the starspots at the more extreme interferometric latitudes are not reproduced.
Light-curve inversion is unable to reconstruct features that do not rotationally modulate. With so many features on the surface, the light-curve inversion can only be a simplification of the actual surface. While Doppler imaging is capable of distinguishing spots at different latitudes because their effects on the line profiles are different, the ability to distinguish these features depends upon the quality of the data and errors in the line profile modeling. The combination of these effects will cause a blurring of the features in Doppler imaging. In this paper, we investigated the first comparisons of three different imaging techniques. We present two unprecedented data sets of simultaneous interferometric, spectroscopic, and photometric observations. With these datasets, we aimed to compare the results of three stateof-the-art imaging techniques in order to validate the methods against each other. Despite deviations between the resultant images, the agreement is good between the synthetic light curves created from the images and the observed light curve. This agreement emphasizes that the starspot longitudes determined by the different imaging techniques are reliable. However, the large differences in the starspot latitudes emphasize the shortcomings of the imaging methods.
The limitations of light-curve inversion are highlighted in our comparison images, as light-curve inversion is only able to reconstruct simple surface features and is unable to distinguish between hemisphere (see, for example, the latitude of the starspots in the 2011 images, as in Figure 5) . Light-curve inversion is additionally limited for a complicated spot structure, such as the 2012 surface. The many bright and dark regions, as seen in the interferometric and Doppler images will contribute to the light curve such that they "cancel" each other out during rotations, muting the detected features. The resultant surface will be much simpler than reality. In particular, applying LI to light curves of two bandpasses does not allow for constraints to be placed on spot latitudes. Doppler imaging, however, is better able to image complicated surfaces. While the strong features are detected by Doppler imaging, many spots moving across the surface can be simplified here, too, if the data are not of high enough quality. However, unlike our two-bandpass light-curve inversion, Doppler imaging is capable of obtaining spot latitude information, especially in the more visible hemisphere.
We note, in particular, that the direct imaging of stellar surfaces available with optical interferometry is unmatched in its ability to capture the surface as it appears on the sky. The complicated surface features present on the interferometric image of σ Gem in 2012 emphasize the importance of understanding that the results from Doppler and light-curve inversion imaging could be oversimplified. On the other hand, a major limitation of aperture synthesis imaging is the restriction imposed by only having data from a small number of telescopes in fixed positions. While SURFING applied to MIRC data is able to image individual surface features well, it may fail to reveal large features like the smooth temperature gradients. These gradients may not produce large enough asymmetries on the stellar surface to be detected or would only be detected by baselines not available at the CHARA Array. Whether such smooth variations across the surface are actual features or artifacts and what interferometric observations would be required calls for simulations that are outside the scope of this paper.
Such temperature gradients are seen in Doppler imaging, but we are presently unable to verify them interferometrically or determine if they are artifacts of the limited capabilities of Doppler imaging to accurately reconstruct surface temperatures. As mentioned in Section 4, Doppler imaging depends upon absorption line modeling that is skewed to the highest temperatures. It is possible that these temperature gradients with dark regions near and at the poles are the result of errors in fitting the spectra with model atmospheres or insufficient phase coverage. Further studies are necessary to determine the origin of these features.
The temperatures of the aperture synthesis and lightcurve inversion images, as seen in Figures 3 and 4 , as well as Table 5 , are lower than those of the Doppler images. The spectroscopic observations are less-sensitive to hightemperature features, which can introduce hot artifacts on the surface, resulting in artificially increased average temperatures (e.g., Somers & Pinsonneault 2015) , resulting in the higher Doppler image temperatures presented in Table 5 . While the temperatures and resultant magnitudes for all of the imaging methods are consistent with literature values, further efforts to separate the photospheric and spot temperatures to accurately determine the stellar parameters of spotted stars are necessary (e.g., Gully-Santiago et al. 2017) . In order to balance imaging between fitting to noise and creating a smooth surface, we underestimate the error bars applied to the observables that are used in SURFING. The effect of this underestimation results in increasing the reduced χ 2 values, which is especially seen in fitting the closure phases. The procedure used here is similar to that used for ζ Andromedae in Roettenbacher et al. (2016) , but here we account for the binary companion in SURFING. The H-band flux ratio between the primary and secondary stars of σ Gem is smaller than that of ζ Andromedae. For σ Gem, the companion contributes 3% of the H-band light of the system.
We include images of σ Gem as it appeared on the sky in H-band in both 2011 and 2012 (see Figure 13 ). These images include limb darkening.
In order to demonstrate the reliability of the interferometric surface maps, we focus on the 2012 data. We separated the data into two sets (2012 November 7, 21, 24; December 4, 7 and 2012 November 8, 22, 25; December 5, 8) and imaged them with SURFING (see Figure 14) . The two images clearly show the dark spot near the southern pole and the large spot structure in the mid-latitudes of the northern hemisphere. The equatorial spots are less easily compared between the two images. The difference in features is likely the result of the two data sets being nearly equal in phase, but not in data quality (2012 December 8 is a particularly poor-quality data set). In combining the data sets for Figure 4 , we obtain the highest quality image possible to date for σ Gem. 
C. SHIFTING THE SPECTRA TO A COMMON ZERO POINT
In INVERS7PD, no correction for the orbital motion is included, and therefore the binary orbit has to be removed from the spectra before the inversions. In principle, two methods can be used for this task. The spectra can be cross-correlated and shifted to a common zero point, or the orbit of σ Gem can be used to calculate the shifts needed for each phase. The disadvantage of using cross-correlation is that spots on the primary will affect the result, and can introduce wrong shifts between the spectra obtained at different phases with different spot configurations. On the other hand, for using the orbit in shifting the spectra, the orbit has to be very accurate.
The orbit of σ Gem has been recently determined by Roettenbacher et al. (2015) using radial velocity measurements of the primary and secondary and from the direct detection of the secondary with optical interferometry. This accurate orbit was used for shifting the σ Gem spectra to the common zero point. When over-plotting the spectra those shifted with the orbital solution show much more scatter in their exact positions than those shifted using cross-correlation (see Figure 15) .
To investigate this discrepancy further, we take the difference between the shifts obtained with cross-correlation and orbital solution. The cross-correlation only gives relative shifts, so the results are moved to the same zero-point as the orbital solution. This is done by shifting the observation closest to phase 0.5 to zero. As can be seen in Figure  16 , the shifts are the same around phases 0.5 and 1.0. However, around the phases 0.2-0.4 the shifts obtained from cross-correlation are larger than the ones obtained from the orbit, and for the phases 0.6-0.8 the shifts from the orbit are larger. This same behavior is seen for both the STELLA and UVES data, and for both years of observation. This discrepancy can be explained if the orbit is shifted by 0.007 in phase, translating into a 0.13 day difference in the T 0 (time of nodal passage). For testing this, we have plotted the difference between T 0 (Roettenbacher et al. 2015) and T 0 +0.13 days (solid line in Figure 16 ). This modification in the T 0 reproduces the different results when using the crosscorrelation and the orbit for shifting the spectra. Therefore, we have used HJD 0 = 2453583.98 + 0.13 = 2453584.11 for calculating the orbital velocities for moving the spectra. Obtained velocities are also given in Table 3 .
We note that this 0.13 day change in T 0 should not be taken as a new value for an accurate orbit. Most likely this difference results from combined effects from both the T 0 and the period. For the purpose of shifting the spectra to a common zero point for Doppler imaging the changed T 0 is accurate enough approximation, and therefore it is used here.
It is also worth noting that there are small shifts for each individual spectral line. These individual shifts are accounted for by doing inversions for each line separately, shifting the spectra, and finding the best-fit between the model and observations. These individual shifts are typically of the order of 0.01Å. ig. 13.-Surface image of σ Gem. Top: Eight views of σ Gem as it appears on the sky in H-band in 2011 November -December. The designation of phase assumes radial velocity conventions for a circular orbit. At phase φ = 0.000, 0 • longitude is located at the bottom edge of the star with 90 • across the middle of this visible hemisphere. As time advances, the longitude at the middle of σ Gem decreases (at φ = 0.250, the 0 • longitude is in the middle of the visible hemisphere of the star). The images are oriented such that east is to the left and north is up. Bottom: As above, but for 2012 November -December observations. 
